Abstract: This report is a review of some of the results obtained over the course of 20 years spent investigating hemoglobin phenotypes and the related functional effects on hematological patterns in ruminant breeds. Tests included qualitative and quantitative analyses of hemoglobins and qualitative and quantitative analyses of α and β globins, as well as hemochromocytometric analysis. Understanding the adaptive significance of the hemoglobin variants was the goal of most of these investigations. The advances presented in this review and the previously unpublished findings included here provide evidence that Mediterranean breeds exhibit a fair number of positively charged variants, whose possible adaptive significance is discussed.
Introduction
Southern Italy"s native farm animals are generally characterized by tolerance to diseases, tolerance to fluctuations in food and water availability, and adaptation to poor management conditions. Unfortunately, many of them have experienced a population decline and several are at risk of extinction. Being aware that the success of conservation depends on understanding the reasons for a breed to be conserved, our aim has always been to concentrate upon the characterization of these gene pools and to assess, if possible, their uniqueness. Understanding the relationship of breeds to various agricultural settings is key to appreciating and fostering performance and survival 1.
Moreover, concerns regarding animal welfare need to be taken into account when anticipating the probable characteristics of future agricultural systems and potential animal breeding strategies 2. It is generally acknowledged that more attention should be paid to the physiological measures of welfare, which include health, tolerance to environmental conditions such as pedoclimatic aspects and enzootic parasites. According to Petazzi et al. 3 , the choice of genetically adapted breeds is a prerequisite for a basic condition of well-being in whatever environment.
Blood and blood components are undoubtedly essential biological characteristics and warrant consideration for the study of a breed. Studying the hematological picture is helpful for clinical diagnostics 4,5, but it is also essential to reflect the particular evolution of a breed or a population; actually, the fact that some blood factors are related to the suitability of the breeds under particular environmental conditions has been repeatedly suggested 6-10.
Thanks to its accessibility and obvious biological importance, hemoglobin (Hb) has been one of the most studied polymorphisms in vertebrate species since the infancy of both population and evolutionary genetics. However, owing to the close relationship between structure and function, this complex protein remains a fascinating subject from all points of view and especially in terms of its molecular, genetic and adaptive features. Accordingly, Hb has been recently defined "an evergreen red protein" 11.
Regarding domestic animal species, research has progressively turned to focusing on molecular polymorphisms, which seem more suitable for selection and breeding strategies. Annotation of protein mutations with their relevance for phenotypic expression has thus been long neglected; but now, an apparently inverse trend seems to be taking place. Recently, growing attention has been focused on functional genetics, an area that is recurrently included amongst animal breeding research priorities. The functional effect of the Hb phenotype on hematological patterns has been demonstrated in humans as well as in mammalian species. Particularly in sheep, individuals carrying extra alpha-globin genes exhibit an overall blood picture mimicking a thalassemia-like syndrome 12, while positively charged variants have been found to be somehow related to a decreased mean corpuscular volume and hematocrit value 13.
Southern Italian native livestock are fairly polymorphic at either or both of the alpha and beta globin genes 13-19; unfortunately, the variability recorded cannot be reasonably compared with the data in the literature where the results obtained reflect different performances of various analytical procedures.
Based on the above consideration, this work reports some of the results obtained regarding Hb polymorphism in ruminant Mediterranean native breeds obtained over the course of 20 years. The findings have been reviewed in the light of the functional effects of Hb and the common charged variants emphasized.
HBBH 36, and HBBX BALI 37) ( Figure 1 ). Table 1 and 2 summarize the alpha and beta globin polymorphism in cattle known so far and the related nomenclature. 
Goats
Goats exhibit a very complex Hb polymorphism due to the presence of a number of allelic and non allelic chains both in the alpha and beta globin systems 18,40-45. Particularly, the HBB locus is highly polymorphic, while only four different alpha globin variants have been found so far: HBA1A and HBA2T, the most frequent genes (more than 0.98 and almost 0.80, respectively), followed by HBA2A (about 0.20) and HBA1B (very rare) 18. However, all the possible tetramers resulting from combinations of the heterogeneity of alpha and beta globins resolve in two main electrophoretic zones, A and D, according to their different electrical properties ( Figure 2 ). A group of positively charged tetramers such as HbB, HbD and HbD Malta migrate to the D zone, whose isoelectric point (pI) range is about pH 7.2 (Table 3) . HbB results from an alpha chain variation due to the presence of the rare allele at the HBA1 locus whereas HbD and HbD Malta exhibit variation in the beta chain as a consequence of different point mutations at the HBB locus. 
Sheep
Four different α-globin 46-48 and eight β-globin chains 14,49-55 have been described in domestic sheep (Ovis aries). As for the β-globin chains, β C and β F are respectively encoded by the dormant gene HBBC 24 and by the gamma gene HBBF switched on during foetal life 55. The remaining six globins are controlled by the HBB locus. Out of them, two are encoded by the HBBA and HBBG alleles located in the switching A haplotype while four are encoded by the HBBB, HBBE, HBBH, HBBI alleles in the B non-switching haplotype 56. As to the α-globin chains, the qualitative polymorphism is additionally complicated by the presence of a quantitative variation related to the fact that non allelic loci produce unequal amounts of α-globin (Table 4) . Blood samples from 219 Podolic cows reared on 6 different farms were selected and treated following standard procedures.
Goats
Hemolysates belonging to 80 Chamois, 183 Garganica and 166 Jonica goats reared on 12 different farms were available after two different experimental trials whose aim was to hematologically characterize Apulian native goat breeds compared to a cosmopolitan breed.
Sheep
Data on Hb phenotypes and blood values were available after an experimental trial where 464 samples were taken from purebred Sardinian, Comisana and Valle del Belice sheep on different farms in Apulia 3,19.
Analytical Procedures
Hematological variables were evaluated using a hematology analyzer. Hb phenotypes were analyzed with isoelectric focusing in a pH range of 6.7-7.7 (PAGIF). Isocharged variants used to be identified by techniques based on hydrophobic interactions such as AUT-PAGE and RP-HPLC. RP-HPLC is also a very smart system for evaluating quantitative variations of the alpha globins and thus establishing the corresponding genotype (Figure 4 , 5, and 6). 
Statistics
The data were analyzed by a linear model including the effects of Hb phenotype, breed, herd, sex, and age as covariates, as well as the effect of the farm management on the hematological values. Gene frequencies were estimated by the GENEPOP program [57] . For the goat data set, the 349 individuals in the sample were divided into three main groups and classified as A, AD and D on the basis of their major band pattern, assuming that the intraband variation included functionally equivalent tetramers. Table 6 shows the results obtained by screening Podolic cattle for the alpha globin gene system and the beta locus (HBB). The alpha globin gene arrangement sample sizes are reported as well as the alpha globin haplotype and the beta allele frequencies. The alpha globin Y haplotype is rather common and so is the HBBA Zebu allele, both with a value of 0.2. Conversely, both the alpha globin S haplotype and the HBBB allele are rare. The alleles and genotypes in the sample were in HW equilibrium. Table 3 shows the lists of charged variants relevant in Apulian goats and the corresponding Hbs and isoelectric point (pI). The charged rare allele HBA1B is not included as it was not found. In Table 7 , the frequencies recorded in Apulian native goats are shown and compared to those of the Chamois and Maltese breeds. It is worth noticing that positively charged variants are very common both in Apulian and Maltese goats, while they have not been found in the northern Chamois breed. The alleles and genotypes in each breed sample were in Hardy-Weinberg equilibrium. 
Results and Discussion

Gene Frequencies
Cattle
Sheep
The prevalence of positively charged variants has been recorded in most Mediterranean sheep breeds both in the alpha globin system and at the beta locus 7,13,19. Except for the negatively charged rare allele HBA1D 47, several variants in the alpha globin system do not greatly affect the charge of the Hb molecules or the mobility of Hb bands. Thus, Table 8 summarizes the information regarding beta allele frequencies in the relevant Mediterranean breeds. 
Globin Variant Functional Effects
None of the globin variants considered are related to pathological effects because all the hematological values recorded in the different phenogroups fall within the normal range for the species reported in the literature 57. Thus, functional effects need to be tested on blood values in normal conditions. The issues involved are complex, because of the difficulties in fine-tuning the differences which refer to a quantitative phenomenon that can be strongly affected by the number of records. Samples should have a minimum number and a reasonable distribution, so globin variant sample size and frequency values are important. This is why only relevant phenotypes are shown in Table 9 for cattle and Table 10 for goats. The frequency data recorded in cattle and goats show that positively charged variants are common both at the alpha globin and beta globin loci, with, HBA1Y = 0.19 in Podolic (Table 6 ) cattle and HBBD Malta averaging 0.45 in goats (Table 7) . Conversely, in sheep populations where positively charged variants represented the prevalent alleles (cumulatively averaging 0.96), the sample size was increased to have a reasonable number of genotypes containing at least a copy of the negative HBBA allele. In brief, the estimated Hb phenotype effect on hematological values was statistically significant in each of the cases described above. On average, the differences between the highest and the lowest Hct and Hb values were approximately 4% in cattle, 6% in goats and 8% in sheep. This increasing trend in the three species seems to be related to the increase in intra-species pI differences between the different Hb morphs (Figures 1, 2 and 3 ).
Conclusions
Since the historic work of Bragg and Perutz 62, rivers of ink have been spilt over Hb structure, function and molecular, biosynthesis, genetics and phylogenetics aspects; however a broad-spanning review of the related scientific literature is now available 63-67. There is also vast literature on the clinical effects of human alpha and beta hemoglobinopathies 68-69. For domestic animals, little attention has been paid to the study of structure and function of intraspecies variants, except for the beta-globin cluster gene products which are among the most extensively studied tissue-specific and developmentally-regulated genes in humans and in animals 70.
Looking at our results, we may suggest an explanation of the phenomenon based on the relatively few pieces of specific information available and on the analogy with the behavior of human globin variants.
Bogner et al. 71 provided evidence of a link between Hb hydration and erythrocyte volumes in that an increased number of charged amino acid residues results in increased Hb hydrophilicity and greater resistance to osmotic dehydration or hyperhydration.
Pieragostini et al. 13, found that Hct reduction was related to a reduced mean corpuscular volume (MCV), but not to a proportionally reduced mean corpuscular Hb concentration, suggesting that the cause of the decreased MCV may be a reduced erythrocyte hydration. As to oxygen affinity, ruminant Hbs are customarily classified into the low intrinsic oxygen affinity Hb group, which is independent of organic phosphates 72-73. The affinity for oxygen of positively charged HbB in cattle 74, of HbD in goat 44, and of HbB in sheep 75 was found to be lower than for the respective HbA. On the other hand, the class of human Hb variants characterized by higher oxygen affinity than normal results in a high affinity status of the red cell, expressed by clinically identifiable erythocytosis, which involves an increase in the red blood cell mass beyond the normal range 76. Thus, pursuing the analogy, we may conclude that, as expected, the positively charged variants characterized by low oxygen affinity in ruminants are related to a decrease in the red blood cell mass resulting in low Hct values.
Lower Hct values correspond to lower blood viscosity and thus to a greater availability of water, which seems to be of particular adaptive significance in habitats characterized by an arid climate. Camel and llama Hbs contain a higher number of charged amino acid residues than do Hbs of other species. Consequently, Bogner et al. 71 suggested that this feature may represent a molecular-cellular level of defense against dehydration, in addition to physiological regulatory mechanisms, that help desert animals survive. Similarly, based on the relatively high frequency of the positively charged variants in the Mediterranean ruminant breeds screened and on the relationship between these variants and lower Hct values, we may infer that these variants may have a positive adaptive value in arid environmental conditions. Moreover the low oxygen affinity of these variants contributes to keeping a normal tissue pO 2 and may be an advantage when coping with enzootic hemotropic parasites.
The effect of selection may be a fact, but comparative structural-functional analyses are required to help unveil the molecular mechanism underlying the phenomenon. Particular attention will have to be first paid to hydration of the different Hb molecules, since in the highly concentrated red cell milieu it does not differ substantially from that of nearly ideal solutions 77. A second step will then be to study the sheep variant HBBI whose significant effect on Hct can be expected when compared to the negatively charged HBBA, but unexpected when compared to the almost isocharged positive HBBB.
